Abstract-We study lasing in individual top-down fabricated GaN nanowires by optical pumping. We observe single mode emission with a side mode suppression of 15 dB, linewidths of less than 1 nm and thresholds as low as 250 kW/cm 2 .
INTRODUCTION
Laser emission has been considered as a viable approach for solid state lighting due to its high quantum efficiency and its linear dependence of light ouput versus current injection, as opposed to LEDs of indium gallium nitride at high current densities [1, 2] . Nanowire lasers are potentially more advantageous over traditional semiconductor lasers because they offer a path for reduced strain and hence a greater range of alloy compositions and emission wavelengths [3, 4] . Furthermore, the periodicity of nanowire assemblies might allow for enhanced absorption, light extraction, and/or emission directivity. Bottom-up gallium nitride nanowires have already shown promising results as low threshold lasers [5] [6] [7] [8] .
In this paper, we report on a detailed study of lasing in top-down fabricated gallium-nitride nanowires using multiple light collection methodologies. Top-down nanowires are potentially better suited for large scale processing over bottom-up nanowires due to their periodic spacing, constant cross section, and uniform length. Previous work in top-down GaN nanowires has shown lasing thresholds of greater than 1 MW/cm 2 [9] . Our experiments were performed by optically pumping individual nanowires (4-6 μm long, 100-300 nm diameter) at 266 nm and at room-temperature. For the smallest diameter nanowires, we measured lasing thresholds as low as 250 kW/cm 2 . We also observed single-mode emission with linewidths of less than 1 nm.
II. FABRICATION
We choose to study top-down fabricated GaN nanowires since bottom-up nanowires exhibit cross-sectional tapering as well as variation in their lengths. Moreover, since the starting materials are epitaxially grown samples, this allows for exquisite compositional control along the length of the nanowire. Top-down GaN nanowires were fabricated using a novel two-step etch process. First a high quality Si-doped gallium nitride epitaxial film is grown onto a 2" c-plane sapphire wafer. After growth, the samples are treated in a hydrogen peroxide and sulfuric acid mixture to obtain a hydrophilic GaN surface. A monolayer of 3 μm silica spheres was then assembled onto the GaN surface. An initial plasma etch which defines the spacing between the wires was used to transfer the microsphere pattern to the film. A second KOH wet etch followed in order to improve the anisotropy and the surface quality of the sidewalls of the nanowires.
Nanowires fabricated using our top-down approach allow for the tuning of the spacing between the wires, their cross sectional diameter, and to some extent the length of the nanowires. The nanowires reported here had a spacing of 3 µm, a nominal diameter of 150 nm, and were etched from a 6 µm thick film.
III. CHARACTERIZATION
In order to characterize the gallium nitride nanowires, we first released them from their sapphire growth substrate and transfered them to another clean sapphire substrate. The nanowires were then optically pumped at room temperature with a 266 nm pulsed laser whose power was varied using a series of neutral density filters. Scattered light emitted from the end facets of the nanowire was collected through a 50x UV objective. The collected light was then analyzed by a 300 mm spectrometer with a 2400 groove/mm holographic grating and a cooled CCD detector. A second collection method used an objective and a lens coupled to a multimode fiber placed axially along the nanowire to collect light directly from the end facet of the nanowire; the output of the fiber was then placed at the entrance to the spectrometer. This method collects light more efficiently than the top method. We studied the polarization of the emission by placing a polarizer between the objective and the fiber. We found that there is no preferred polarization in the laser emission of the GaN nanowires, but this could be due to light scattering.
IV. RESULTS
The emission from a portion of the un-etched GaN film was used as a baseline measurement for comparison to the emission spectra of the nanowires. Fig. 1 (b) shows that the peak intensity of the film's PL increases linearly with pump power. Figure 1(a) . Photoluminescent spectra for a series of increasing pump powers from a gallium nitride film grown epitaxially on a sapphire substrate. This is a portion of the same film used to make the nanowires that was not etched. Figure 1(b) . Peak intensity vs. pump power density showing a linear dependence on pump power density.
Similarly, multiple spectra of the nanowire laser emission were measured for increasing pump power densities. A single peak emerges from the PL background ( Fig. 2(a) ) at a much higher rate than in the un-etched film case. The peak was fit to a Lorentzian function in order to obtain the center peak wavelength and the corresponding full width half maximum. The peak intensity vs. pump power density is plotted in Fig. 2(b) . For a nanowire with a diameter of 130 nm and length of 4.7 μm, we found a laser threshold of 250 kW/cm 2 . Above threshold the linewidth of the single mode is less than 0.2 nm as seen in Fig. 2(a) .
We modeled the laser waveguide using a mode solver to calculate the longitudinal mode spacing. Modeling of the effective index of the waveguide over a range of wavelengths allows for the calculation of the group effective index. The longitudinal mode spacing of 2.1 nm in Fig. 2(a) corresponds to a group effective index of 4.1. We conclude that the smaller peaks in the PL spectra are longitudinal modes since this value is nearly in agreement with the modeled group effective index of 4.5. For this nanowire we found that the laser emission has a side-mode suppression ratio (SMSR) of 15 dB. The suppression of the side-modes is likely due to a narrow gain peak and the large longitudinal mode spacing. Figure 2(a) . A series of photoluminescent spectra from a single gallium nitride nanowire, which is 130 nm by 4.7 µm, from a range of 0.1 to 1.3 MW/cm 2 pump power densities. As the pump power density is increased the nanowire begins to lase and remains single-mode at high pump power densities. Figure 2(b) . The peak intensity and linewidth vs. pump power density for the same nanowire.
V. CONCLUSION
We have fabricated GaN nanowires using a novel topdown approach that result in superior optical properties. Individual top-down nanowires excited at room-temperature exhibit lasing thresholds as low as 250 kW/cm 2 . Above this threshold we observed single-mode emission with linewidths of less than 0.2 nm with a 15 dB SMSR. This work represents the lowest lasing threshold reported to date on top down fabricated nanowires. 
